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The present study describes hydrogen generation from NaBH4 in the presence of acid
accelerator, boric oxide or B2O3, using seawater as a reactant. Reaction times and tem-
peratures are adjusted using various delivery methods: bulk, addition funnel, and metering
pump. It is found that the transition metal catalysts typically used to generate hydrogen
gas are poisoned by seawater. B2O3 is not poisoned by seawater; in fact, reaction times are
considerably faster in seawater using B2O3. Reaction times and temperatures are compared
for pure water and seawater for each delivery method. It is found that using B2O3 with pure
water, bulk addition is 97% complete in 3 min; pump metering provides a convenient
method to extend the time to 27 min, a factor of 9 increase above bulk addition. Using B2O3
with seawater as a reactant, bulk addition is 97% complete in 1.35 min; pump metering
extends the time to 23 min, a factor of 17 increase above bulk. A second acid accelerator,
sodium bisulfate or NaHSO4, is investigated here for use with NaBH4 in seawater. Because it
is non-reactive in seawater, i.e., no spontaneous H2 generation, NaHSO4 can be stored as a
solution in seawater; because of its large solubility, it is ready to be metered into NaBH4.
With NaHSO4 in seawater, pump metering increases the time to 97% completion from
3.4 min to 21 min. Metering allows the instantaneous flow rate of H2, and reaction times
and temperatures, to be tailored to a particular application. In one application, the
seawater hydrogen generator characterized here is ideal for supplying H2 gas directly to
Proton Exchange Membrane fuel cells in sea surface or subsea environments where a
reliable source of power is needed.
Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).Introduction
Metal hydrides are particularly useful for the generation of
hydrogen gas whenever the use of compressed gas is incon-
venient or unfeasible due to storage considerations. Themetal
hydrides lead in hydrogen-generating capacity per unit
weight. Sodium borohydride, for example, reacts slowly with
water, or more quickly in the presence of an accelerator, to5; fax: þ1 619 553 3791.
(C.A. Becker-Glad), wayn
32
lf of Hydrogen Energy Pu
by/4.0/).liberate 4moles of hydrogen gas permole of the compound, or
2.6 L/g at room temperature:
NaBH4þ2H2OðlÞ !AcceleratorNaBO2þ4H2ðgÞ DH¼303:3kJ=mole
(1)
In addition to its large hydrogen generating capability, so-
dium borohydride has a number of advantages over the
metals and other metal hydrides: (1) it is readily available ine.glad@navy.mil (W.E. Glad).
blications LLC. This is an open access article under the CC BY li-
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alkaline solution, (3) its solubility in water is high, and (4) it is
relatively safe to handle, especially when it can be transported
and stored in dry form.
Prior studies by Schlesinger and Brown describe the effect
of acid accelerators and catalytic accelerators on the evolu-
tion of hydrogen gas from sodium borohydride using pure
water as a reactant [1]. For the acid accelerators, they mea-
sure reaction times using a fixed ratio of acid to hydrogen-
containing material (100 g accelerator:100 g NaBH4). The
amount of water used is limited by the ratio g H2O:g
NaBH4 ¼ 20:1. A US patent by Kerrebrock [2] describes
hydrogen generation by hydrolysis of hydrides for undersea
vehicle fuel cell energy systems. Hydrogen gas is generated
from lithium borohydride using steam vaporized from pure
water as an accelerator. Unlike the present study, Kerrebrock
does not introduce seawater into the hydrogen generator as a
reactant; seawater pumped in from the ocean is used only in
the heat exchanger cooling coils. Only one reference [3] has
been found for the generation of hydrogen gas using
seawater as a reactant. In Ref. [3], Kliphuis uses sodium
borohydride in combination with acid accelerator sodium
bisulfate NaHSO4 to create a pattern of bubbles which would
simulate a wake. Acid is released in the water in the vicinity
of the area where the sodium borohydride has been released.
This is an open system allowing a continuous fresh supply of
seawater to a moving reaction site. The ratio g NaHSO4:g
NaBH4 is 5.1:6.6, or 77.3 g NaHSO4 per 100 g NaBH4. This ratio
is far below the stoichiometric amount of accelerator
required for complete reaction of the borohydride. Kliphuis
indicates that generation of 30e50% of the theoretical yield of
H2 gas should be considered satisfactory.Methodology
Chemicals
Cobalt doped sodium borohydride pellets were obtained from
SigmaeAldrich (90% NaBH4, 7.5% CoCl2). H2 generation from
one pellet is nominally 0.5 L. NaBH4 in granular form wasFig. 1 e Experimental configuration for (a) bulk, (b) aobtained from GFS (98%), NaHSO4 from Acros Organics (99%),
CoCl2 from SigmaeAldrich (97%), and B2O3 from Alfa Aesar
(99%). Arrowhead distilled water was used. Seawater was
collected from Pier 169 at SPAWAR Systems Center Pacific in
San Diego and from Torrey Pines State Beach. No filtration of
the seawater was performed.
Experimental procedure
Three different experimental configurations, each with a
different delivery method, are used in this study: (1) bulk, (2)
addition funnel, and (3) peristaltic pump. A schematic
of the bulk delivery configuration is shown in Fig. 1a. A
SigmaeAldrich 250 ml round bottom single neck flask with
septum port is used as the reaction chamber (1). The gas
evolved is collected in an inverted 4 L graduated cylinder
above a water column (2). The temperature of the liquid in
the reaction flask is monitored with a thermocouple puttied
into the septum port (3), and the data recorded with a Lascar
data logger (4).
When transition metal catalyst CoCl2 is used, bulk delivery
is accomplished by dropping commercially available pellets
directly into the center neck of the reaction flask containing
seawater or 35 parts per thousand (ppt) NaCl in place of
seawater. When acid accelerator NaHSO4 is used in place of a
transition metal catalyst, bulk delivery is accomplished by
dropping NaBH4 granules into NaHSO4 dissolved in seawater,
or NaBH4 dissolved in seawater is poured into NaHSO4 dis-
solved in seawater.When acid accelerator B2O3 is used, NaBH4
granules are dropped into B2O3 in seawater.
A schematic of the delivery funnel configuration is shown
in Fig. 1b. An addition funnel (1) is set atop a Claisen tube (2)
which fits into the reaction flask (3). The second arm of the
Claisen tube (2a) feeds the evolved H2 gas into a 4 L graduated
cylinder (4). For the funnel experiments, only the NaBH4/B2O3
combination is used. NaBH4 dissolved in seawater (or water)
(1) is added drop-wise to B2O3 in seawater (or water) (3). In this
study, if there is a large disparity in solubility, the more sol-
uble component is added to the less soluble component.
NaBH4, for example, is much more soluble in water (55 g/
100 ml at 20 C) than B2O3 (2.2 g/100 ml at 20 C). This order ofddition funnel, and (c) peristaltic pump delivery.
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already dissolved completely, to be delivered into the reaction
flask.
A schematic of the peristaltic pump delivery configuration
is shown in Fig. 1c. The pump draws liquid from a vial (1)
into tubing (2), around the pump wheel into tubing (3), and
up into a Claisen tube (4) where it drips down into the re-
action flask (5). As with configuration (b), the gas evolved
exits the Claisen tube adapter (6) and is collected in an
inverted 4 L graduated cylinder above a water column (7). For
the NaBH4/B2O3 combination, NaBH4 dissolved in seawater
(or water) (1) is added drop-wise to B2O3 in seawater (or
water) (5). When accelerator NaHSO4 is used, it is dissolved
in seawater (28.5 g/100 ml at 25 C) and metered into the
reaction flask containing NaBH4 dissolved in seawater. In
this paper for all experiments with the acid accelerators, the
ratio H2O:NaBH4 is 20:1. Using NaHSO4 as accelerator, this
ratio can be reduced to 9:1 since the solubility of NaHSO4 is
2.57 g/9 ml at 25 C. This lower limit in the water ratio is due
to the fact that 2.3 g of NaHSO4 is required for each 1.5 g
NaBH4. If a smaller water ratio is desired, the order of
metering must be reversed: the more soluble NaBH4 must be
metered into NaHSO4 in the reaction flask.
When the solubility of both components is considerable,
it is preferred to place the NaBH4 in the reaction flask rather
than meter it in. It has been observed that when the NaBH4
dissolved in seawater is delivered via the pump, hydrogen
bubbles form in the delivery tubing, resulting in an incon-
sistent metering rate. The metering rate is controlled by the
ID of the pump tubing, in this case, 1/8th inch or 1/16th inch.
Acid accelerator experiments in this paper are conducted
using 1.5 g NaBH4 which will generate approximately 4 L of H2
gas. For the CoCl2 experiments, 7 pellets are used; the ratio g
H2O:g NaBH4 ¼ 48:1.
Theoretical H2 yield is calculated assuming 98 wt% NaBH4
and using the cylinder bath temperature. A correction ismade
for the vapor pressure of water above the water column.Fig. 2 e Bulk addition of NaBH4/CoCl2 pellets (a) to seawater. Only
collected before the reaction stopped dead; (b) to 35 parts per th
showing that the Naþ and Cl¡ ions present in seawater are not
shown in Figure 2a.Experimental results and discussion
Catalyst CoCl2
For sea surface and subsea applications it may be desirable to
use seawater (pH ~7.9e9 [4]), in place of pure water, in the
reaction chamber. The present investigators have observed
that the ions and/or organic impurities present in seawater
inhibit the production of hydrogen when CoCl2 is used. In
Fig. 2a, 7 NaBH4/CoCl2 pellets were added to seawater. Only
539 ml of H2 gas, far short of the theoretical yield of 3018 ml,
was collected before the reaction stopped dead. Which of the
impurities in seawater is inhibiting the production of H2 gas?
Naþ and Cl are major contributors to seawater. In Fig. 2b,
keeping everything the same as in Fig. 2a, 35 ppt NaCl in DI
water was used as the reactant in place of seawater. The
theoretical limit of H2 gas was reached, ruling out these ions
as hydrogen generation inhibitors.
Accelerator NaHSO4
The purpose of this study is (1) to characterize the use of acid
accelerators, as opposed to transition metal catalysts which
may be poisoned by the impurities present in seawater, to
liberate H2 gas from NaBH4 using seawater, rather than pure
water, as the reactant; (2) to characterize the use of acid ac-
celerators to produce H2 gas from NaBH4 using pure water as
the reactant; and (3) to compare the H2 yields, and reaction
times and temperatures reached using acid accelerators in
seawater and in pure water.
The first acid accelerator to be considered here is NaHSO4.
One way to write the hydrogen generation equation is:
BH4

0:0397
þ 2HSO4
0:0167
þ2OH/BO2 þ 2SO42 þ 4H2ðgÞ (2)
Using experimental configuration 1a, the present in-
vestigators made bulk measurements on NaHSO4 in seawater18% (539 ml) of the theoretical yield of H2 gas (3018ml) was
ousand NaCl in DI water. The reaction goes to completion
responsible for the dramatic inhibition of H2 gas formation
Table 1 eDI water as a reactant using accelerator NaHSO4
Ratio g NaHSO4:g NaBH4¼ 1:1; ratio g H2O:g NaBH4¼ 20:1.
Delivery
method
Tube ID
(inch)
Peak
temperature
(deg C)
%
Completion
Reaction
time (min)
Bulk NA 65 68 30
Bulk NA 63 68 25
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NaHSO4:100 g NaBH4 and gH2O:g NaBH4¼ 20:1) used in Ref. [1].
NaHSO4 in seawater is shown in Fig. 3a. The reaction goes to
77% completion in 15.8 min. This data shows that with
NaHSO4 the reaction will never go to completion without a
significant excess of accelerator (g NaHSO4/g NaBH4 > 1). The
reaction in seawater was made to go to completion by
increasing the ratio g NaHSO4/g NaBH4 to 1.33:1 (Fig. 3a). The
reaction goes to 98% completion in 5.9 min. Even with the
1.33:1 ratio, the proportions are hardly stoichiometric. Moles
of reactants used in the 1.33.1 experiment are given belowBH4

and HSO4
 in Eq. (2). There is a considerable stoichiometric
shortfall of HSO4
. This result indicates that the acid acceler-
ator NaHSO4 used by Kliphuis in thewake study [3] is less than
satisfactory for applications which are space or weight-
limited and require that the chemicals in the reaction cham-
ber be kept to a minimum.
NaHSO4 in deionized (DI) water is shown in Fig. 3b. The
reaction goes to 68% completion in 30 min. The analogous
reaction in seawater (Fig. 3a) is about twice as fast as in DI
water, i.e., 15.8 vs. 30 min. The greater percentage of
completion in seawater may be due to the slight buffering
capability of seawater which will keep the solution more
acidic so that NaBH4 can continue to react to liberate H2. As
the hydrogen generation reaction proceeds, the solution be-
comes more basic, inhibiting the reaction (NaBH4 can be
stored for a year in alkaline water [5]). The reaction in DI water
is very reproducible (Fig. 3b); in 2 experiments the reaction
stopped at 68% completion. Results are summarized in
Table 1.Accelerator B2O3
The acid accelerator proposed in this study is boric oxide,
B2O3, which, unlike the transition metal catalysts, takes part
in the reaction:Fig. 3 e a. Seawater: (1) Bulk addition of NaBH4 granules to NaH
NaBH4¼ 1:1. 77% completion is achieved. (2) Bulk addition of Na
in the ratio g NaHSO4:g NaBH4¼ 1.33:1. 98% completion is achie
dissolved in DI water in the ratio g NaHSO4:g NaBH4 ¼ 1:1. 68%
reaction will not go to completion in seawater or in DI water wNaBH4
0:0397
þ1
2
B2O3
0:0215
þ2H2OðlÞ/ 12Na2B4O7Yþ 4H2ðgÞ
DH ¼ 254:0 kJ=mole
(3)
Moles of reactants used in the present experiments are
given below NaBH4 and B2O3 in Eq. (3). In this case, there is a
slight stoichiometric excess of B2O3, giving assurance that the
reaction will go to completion. The reaction product disodium
tetraborate, commonly known as borax, precipitates out and
can be recovered from the reaction mixture. Borax has many
uses, i.e., detergent booster and multi-purpose household
cleaner [6].
Fig. 4a shows the use of B2O3 to liberate H2 from borohy-
dride in purewater using the ratios 100 g B2O3:100 g NaBH4 and
g H2O:g NaBH4 ¼ 20:1 as in Ref. [1]. The reaction is very fast
going to 97% completion in 3min. Fig. 4b shows the use of B2O3
to liberate H2 from borohydride using the same ratios, but
with as received seawater rather than purewater. In seawater,
the reaction goes to 97% completion in less than 1.5 min. Two
sets of seawater data are displayed in Fig. 4b. The curves are
nearly superimposable. The times to 97% completion are 1.35
and 1.42min. Seawater does not choke B2O3; in fact using B2O3
the reaction in seawater is about twice as fast as in purewater,
possibly indicating the presence of a charged transition state
stabilized by the ions in seawater.
B2O3 can be made to liberate hydrogen more slowly by
dripping themore soluble NaBH4 into the less soluble B2O3 in aSO4 dissolved in seawater in the ratio g NaHSO4:g
BH4 dissolved in seawater to NaHSO4 dissolved in seawater
ved. b. DI water: Bulk addition of NaBH4 granules to NaHSO4
completion is achieved. With NaHSO4 as accelerator, the
ith a 1:1 ratio. An excess of accelerator is needed.
Fig. 4 e Bulk addition of NaBH4 granules to acid accelerator B2O3 in the ratio g B2O3:g NaBH4 ¼ 1:1 (a) in DI water. 97%
completion is achieved in 3 min; (b) in seawater. 97% completion is achieved in 1.35 and 1.42 min. With B2O3 as accelerator,
a ratio of 1:1 is sufficient to bring the reaction to completion in both seawater and in DI water. The reaction in seawater is
more than twice as fast as in DI water.
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ways; 2 of these will be presented here: (1) manual dripping
using an addition funnel and (2) automatic dripping using a
pump.
A simple apparatus for manual delivery is shown in
experimental configuration 1b. In this case the addition funnel
contains 1.5 g NaBH4 dissolved in 20 ml of DI water; the re-
action vessel contains 1.5 g B2O3 in 10 ml of DI water. The
ratios g B2O3:g NaBH4 and g H2O:g NaBH4 are 1:1 and 20:1,
respectively. The resulting data is shown in Fig. 5a. The
metered reaction in DI water goes to 97% completion in
12 min. As expected, the drip rate of the NaBH4 solution de-
creases with time as the hydrostatic head in the addition
funnel decreases, in this case from its initial value of 40 drops
per minute (DPM) to its final value of 3 DPM.
The analogous delivery of NaBH4 dissolved in seawater to
B2O3 in seawater with an addition funnel is shown in Fig. 5b.
The metered reaction in seawater goes to 97% completion inFig. 5 e Funnel is used for dropwise addition of NaBH4 (a) disso
solution decreases from 40 to 3 DPM; (b) dissolved in seawater
decreases from 94 to 48 DPM.5.32 min, more than twice as fast as in DI water. This differ-
ence in reaction time is due to the higher drip rate in seawater
(94e48 DPM) vs. 40e3 DPM in water. It has been observed that
if the drip rate in seawater is too slow, a small amount of
NaBH4 has time to react with seawater in the funnel without
an accelerator, forming a small amount of H2 gas and solid
NaBO2. This small amount of NaBO2 can clog up the narrow
funnel neck near the stopcock, causing the drip rate to slow
down to 0 DPM before all the NaBH4 has been delivered.
A simple apparatus for automatic delivery is shown in
Fig. 1c. In this case a peristaltic pump is used to deliver NaBH4
dissolved in 20mlwater (or seawater) to B2O3 in 10mlwater (or
seawater) in a reaction flask. 1/8th inch ID pump tubing is used
with DIwater in Fig. 6a andwith seawater in Fig. 6b; 1/16th inch
ID tubing with DI water in Fig. 7a and with seawater in Fig. 7b.
Automatic metering produces a more constant delivery rate
than the funnel method. As can be seen from Fig. 7b, the
seawater volume and temperature curves undulate slightlylved in DI water to B2O3 in DI water. The drip rate of NaBH4
to B2O3 in seawater. The drip rate of NaBH4 solution
Fig. 7 e Peristaltic pumpwith 1/16th inch ID tubing is used tometer NaBH4 (a) dissolved in DI water into B2O3 in DI water. The
average rate of delivery of NaBH4 is 20 drops/min or 1.2 ml/min; (b) dissolved in seawater into B2O3 in seawater. The average
rate of delivery of NaBH4 is 31 drops/min or 1.35 ml/min.
Fig. 6 e Peristaltic pump with 1/8th inch ID tubing is used to meter NaBH4 (a) dissolved in DI water into B2O3 in DI water. The
average rate of delivery of NaBH4 is 23 drops/min or 2.8 ml/min; (b) dissolved in seawater into B2O3 in seawater. The average
rate of delivery of NaBH4 is 28 drops/min or 2.72 ml/min.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 1 7 7 6 1e1 7 7 7 017766due to the presence of small H2 bubbles in the line. These
bubbles are a product of the slow spontaneous reaction of
NaBH4 with seawater described above.
If one compares the time to 97% completion for DI water
1/8th inch tubing (15.7 min) with seawater 1/8th inch tubing
(12.3 min) (Fig. 8), it appears that the time for DI water is
significantly longer than that for seawater even though the
flow rates for these two are very similar (2.8 ml/min for DI
water and 2.72 ml/min for seawater). The difference between
the two reaction times is somewhat misleading since the
collection curves are nearly identical up to 87% completion.
In Fig. 8 an arrow shows the point of 87% completion. By 87%
completion, all the NaBH4 has been delivered into the reac-
tion vessel. Prior to 87% completion the pump was the rate-
limiting factor; after 87% completion, the inherent rate of
reaction of NaBH4 with B2O3 is the rate-limiting factor. The
reaction time in seawater is faster than the reaction time in
DI water as can be seen by comparing the bulk reaction times
for seawater (1.35 min) (Fig. 4b) and for DI water (3 min)(Fig. 4a). Thus the major difference in the time to 100%
completion between seawater and DI water using a peri-
staltic pump is how long it takes to deliver the last 13% of the
hydrogen gas when the pump is not in control. The same
effect is observed for tubing size 1/16th inch (Fig. 8). The time
to 97% completion is 26.8 min in DI water (flow rate 1.2 ml/
min) and 23.3 min in seawater (flow rate 1.35 ml/min). The
two delivery curves are almost superimposable for the first
88% of hydrogen gas delivered.Summary of NaHSO4 results
Fig. 9 shows the range of reaction times obtainable with
seawater. NaBH4 is added in bulk to NaHSO4; the reaction is
complete in 5.9 min. Reversing the order of addition, NaHSO4
is metered into NaBH4 using the pump configuration in Fig. 1c;
the reaction is complete in 37.4 min. Note that when NaHSO4
ismetered in, the volume and temperature curves are smooth,
as opposed to undulating, since no hydrogen bubbles are
Fig. 9 e Comparison: Bulk addition of NaBH4 in seawater to NaHSO4 in seawater vs. metered addition of NaHSO4 in seawater
to NaBH4 in seawater via peristaltic pump with 1/16
th inch ID tubing. For both cases, the ratio g NaHSO4:g NaBH4 ¼ 1.33:1.
Metering increases the reaction time from 5.9 min to 37.4 min.
Fig. 8 e For accelerator B2O3, times to 97% completion are compared for seawater and DI water for pump tubing ID ¼ 1/8th
inch; similarly times are compared for seawater and DI water for pump tubing ID ¼ 1/16th inch. For a given tubing size, the
slopes of the curves are almost identical for seawater and DI water for the first 87e88% of the reaction. Also included is the
seawater curve for metering NaHSO4 into NaBH4. The curve turns over earlier (70%) due to the stoichiometric insufficiency of
the amount of NaHSO4 used.
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Table 2 e Seawater as a reactant using accelerator NaHSO4 Ratio g seawater:g NaBH4 ¼ 20:1.
Delivery method Ratio g NaHSO4:g NaBH4 Tube ID (inch) Peak temperature (deg C) % Completion Reaction time (min)
Bulk 1:1 NA 68 77 15.8a
Bulk 1.33:1 NA 69.5 97 3.4
Peristaltic pump 1.33:1 1/16 54.5 97 21
a Fig. 3a.
Fig. 10 e For accelerator B2O3, a range of reaction times can be achieved using the more extreme delivery methods described
in this study (a) in DI water: 3 min for bulk addition vs. 27 min using a peristaltic pump with 1/16th inch ID tubing; (b) in
seawater: 1.35 min for bulk addition vs. 23.3 min using a peristaltic pump with 1/16th inch ID tubing.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 1 7 7 6 1e1 7 7 7 017768being formed in the delivery line. The time to 97% completion
with 1/16th tube is 21 min. This compares with 23.3 min for
B2O3 with 1/16
th tube in which NaBH4 was metered in (Fig. 7b).
Hydrogen collected as a function of time is included in Fig. 8
for NaHSO4, seawater, 1/16
th tube. The curve rises faster
than the 1/16th tube curves for B2O3. This sharper rise is due to
the complete solubility of NaBH4 in the 10 ml of seawater in
the reaction flask. The NaHSO4 seawater results are summa-
rized in Table 2.Summary of B2O3 results
Fig. 10a shows the range of reaction times obtainable with
DI water. Bulk addition is 97% complete in 3 min; pump withTable 3 e DI water as a reactant using accelerator B2O3
Ratio g B2O3:g NaBH4 ¼ 1:1; g H2O:g NaBH4 ¼ 20:1.
Delivery
method
Tube ID
(inch)
Peak
temperature
(deg C)
%
Completion
Reaction
time
(min)
Bulk NA 69 97 3
Funnel NA 59 97 12
Pump 1/8 55 97 15.7
Pump 1/16 45.5 96.7 26.81/16th inch tubing metering, in 26.8 min, a factor of 9. Results
for the various delivery methods are given in Table 3. Fig. 10b
shows the range of reaction times obtainable with seawater.
Bulk addition is 97% complete in 1.35 min; pump with 1/16th
inch tubing metering, in 23.3 min.
Fig. 11 shows all the B2O3 data using seawater as a reactant.
Reaction times and temperatures are compared for the
various methods of delivering NaBH4: bulk addition (Fig. 4b),
funnel (Fig. 5b), pump with 1/8th inch ID tubing (Fig. 6b), and
pump with 1/16th inch ID tubing (Fig. 7b).
The B2O3 seawater results are summarized in Table 4.
Fig. 11 and Table 4 show that for seawater, using
metering with 1/16th inch tubing, the peak temperature can
be decreased 20 and the reaction time can be made longer
by a factor of 17 above bulk addition. Metering slower thanTable 4 e Seawater as a reactant using accelerator B2O3
Ratio g B2O3:g NaBH4 ¼ 1:1; g seawater:g NaBH4 ¼ 20:1.
Delivery
method
Tube ID
(inch)
Peak
temperature
(deg C)
%
Completion
Reaction
time
(min)
Bulk NA 70 97 1.35
Funnel NA 62 96.7 5.32
Pump 1/8 57 97 12.3
Pump 1/16 50 97 23.3
Fig. 11 e Summary of B2O3 data using seawater as a reactant for the various methods (bulk, funnel, and pump) used to
deliver NaBH4 into B2O3: (a) volume of H2 collected and (b) the corresponding temperatures as a function of time. Bulk
addition of granules results in the highest reaction temperature.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 1 7 7 6 1e1 7 7 7 0 17769the 1/16th tube, for example using a syringe pump, could
achieve an even slower reaction, to the point of very long
reactions with even lower peak temperatures.Conclusions
In seawater, transition metal catalysts in combination with
NaBH4 produce extremely low yields of hydrogen gas and are
eventually poisoned by the impurities present in seawater.
Acid accelerators produce a full yield of hydrogen gas in
seawater, and very quickly.B2O3 as accelerator
For bulk addition of NaBH4 granules into B2O3 in seawater
(or in DI water), the reaction time for hydrogen generation
is considerably faster in seawater than in DI water. Bulk
addition into B2O3 in seawater is 97% complete in 1.35 min;
bulk addition into B2O3 in DI water is 97% complete in
3 min.
Pump metering of NaBH4 in DI water into B2O3 in DI water
extends the time to 97% completion to 27 min.
Pumpmetering of NaBH4 in seawater into B2O3 in seawater
extends the time to 97% completion to 23 min.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 1 7 7 6 1e1 7 7 7 017770NaHSO4 as accelerator
Bulk addition of NaBH4 in seawater into NaHSO4 in seawater is
97% complete in 3.4 min; pump metering extends the time to
21 min.
Due to its solubility, NaHSO4 can be metered into NaBH4,
avoiding a small amount of bubbles in the delivery line due to
spontaneous reaction of NaBH4 with seawater. It is found that
NaHSO4 can be metered in for H2O:NaBH4 ratios 9:1.
By-Product
In pure water, transition metal catalysts in combination with
NaBH4 can generate full yields of hydrogen gas. The by-
product is sodium metaborate, NaBO2. In pure water (or in
seawater), some acid accelerators, i.e., NaHSO4, can be made
to generate a full yield of hydrogen gas if significantly more
accelerator is added. The by-product is also sodium
metaborate.
In pure water (or in seawater), acid accelerator B2O3 in
combination with NaBH4 can generate a full yield of hydrogen
gas; no additional B2O3 is needed. The by-product is sodium
tetraborate, Na2B4O7, commonly known as borax. Tetraborate
is environmentally friendly and can be recycled; it is available
commercially as a detergent booster and multi-purpose
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